We evaluated the ability of human embryonic stem cells (hESCs) and their cardiomyocyte derivatives (hESCCMs) to engraft and improve myocardial performance in the rat chronic infarction model.
Methods
Immunosuppressed healthy and infarcted (7 to 10 days after coronary ligation) rat hearts were randomized to injection of undifferentiated hESCs, hESC-CMs, noncardiomyocyte hESC derivatives, or saline. Detailed histological analysis and sequential echocardiography were used to determine the structural and functional consequences of cell grafting.
Results
Transplantation of undifferentiated hESCs resulted in the formation of teratoma-like structures. This phenomenon was prevented by grafting of ex vivo pre-differentiated hESC-CMs. The grafted cardiomyocytes survived, proliferated, matured, aligned, and formed gap junctions with host cardiac tissue. Functionally, animals injected with saline or nonmyocyte hESC derivatives demonstrated significant left ventricular (LV) dilatation and functional deterioration, whereas grafting of hESC-CMs attenuated this remodeling process. Hence, post-injury baseline fractional shortening deteriorated by 50% (from 20 Ϯ 2% to 10 Ϯ 2%) and by 30% (20 Ϯ 2% to 14 Ϯ 2%) in the saline and nonmyocyte groups while improving by 22% (21 Ϯ 2% to 25 Ϯ 3%) in the hESC-CM group. Similarly, wall motion score index and LV diastolic dimensions were significantly lower in the hESC-CM animals.
Conclusions
Transplantation of hESC-CMs after extensive myocardial infarction in rats results in the formation of stable cardiomyocyte grafts, attenuation of the remodeling process, and functional benefit. These findings highlight the potential of hESCs for myocardial cell therapy strategies. The adult heart lacks effective repair mechanisms, and, therefore, any significant cell loss, such as occurs during myocardial infarction, may lead to the development of progressive heart failure. Cell therapy and tissue engineering are emerging as novel therapeutic paradigms for myocardial repair (1, 2) . Cardiomyocyte transplantation (derived from fetal or neonatal rat heart tissue or from mouse embryonic stem cells) was associated with smaller infarcts (3, 4) , prevented cardiac dilatation and remodeling (5) , and even improved myocardial performance (6) . Clinical translation of these promising strategies is hampered, however, by the lack of cell sources for human cardiac tissue.
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A possible solution to the aforementioned cell-sourcing problem may be the recently described human embryonic stem cell (hESC) lines (7) . These unique cells have the capacity for prolonged undifferentiated proliferation in culture while maintaining the potential to differentiate into derivatives of all 3 germ layers. Recently, using the embryoid body (EB) differentiating system, we and others established a reproducible cardiomyocyte differentiation system from the hESC (8 -11). Cells isolated from the contracting EBs demonstrated molecular, structural, and functional properties of early-stage human cardiomyocytes (8 -14) . More recently the ability of the human embryonic stem cellderived cardiomyocytes (hESC-CMs) to survive (15) and integrate structurally and functionally with healthy host cardiac tissue, both in vitro (in coculturing studies) and in vivo (by pacing the heart in an animal model of slow heart rate), was demonstrated (16, 17) .
In the current study, we continued to explore the possible role of this unique tissue for myocardial repair in diseased hearts. Specifically, our aims were 3-fold: 1) to determine whether existing heart tissue can provide the appropriate environment to augment cardiomyocyte differentiation of undifferentiated hESC; 2) to determine the ability of ex vivodifferentiated hESC-CMs to survive, proliferate, and integrate with host tissue after grafting into the uninjured and infarcted rat heart; and 3) to assess the ability of cell grafting to improve myocardial performance in this model.
Methods
In vitro hESC cardiomyocyte differentiation. Undifferentiated hESCs (H9.2-clone) were propagated on mouse embryonic fibroblast feeder layer as previously described (8) . To induce differentiation, hESCs were dispersed to small clumps using collagenase-IV 1 mg/ml (Gibco, Invitrogen, Carlsbad, California) and cultured in suspension for 7 to 10 days. The generated EBs were plated on gelatin-coated plates and observed for the appearance of spontaneous contractions. For the transplantation studies, the contracting areas (30 to 45 days of differentiation) were microdissected and dissociated into small clusters (20 to 100 cells) with collagenase-B (1 mg/ml) (Roche, Basel, Switzerland).
To identify the transplanted cells, we used a number of labeling, staining, and tracking techniques: 1) labeling with the fluorescent cell tracer Vybrant-carboxyfluorescein diacetate, succinimidyl ester (25 mol/l, Molecular Probes, Invitrogen); 2) tagging with genetic markers: enhanced green fluorescent protein (eGFP) and nLacZ expression was achieved using lentiviral transduction and electroporation (Nucleofector program-A23 and V-transfection solution), respectively; and 3) immunostaining for human-specific antigens. Effect of pre-existing cardiac environment on hESC differentiation. All animal studies were approved by the Animal Board and Safety Committee of the Technion Faculty of Medicine. Primary cultures of neonatal rat ventricular myocytes (density 1.5 ϫ 10 6 cells/ml) were prepared as previously described (16) . Early-stage EBs (2 to 5 days in suspension) were labeled with CM-DiI (Molecular Probes), added to the rat cultures, and followed for 4 weeks.
To assess for the effect of the in vivo cardiac environment, we injected 3 ϫ 10 6 undifferentiated hESCs into the uninjured and infarcted rat left ventricular (LV) myocardium. The hearts were harvested 4 weeks later.
Cell transplantation. Male Sprague-Dawley rats (250 to 300 g) were anesthetized (ketamine/xylasine), intubated, and ventilated. After left thoracotomy, the proximal left anterior descending coronary artery (LAD) was ligated. A second thoracotomy was performed 7 to 10 days later, and cells were transplanted to the infarcted area at 4 different sites. Three groups were studied: 1) a control group in which saline (300 l) was injected (n ϭ 8); 2) a group in which 1.5 ϫ 10 6 noncardiomyocyte hESC derivatives were grafted (n ϭ 9); these cells were derived from noncontracting differentiating EBs and represent a heterogeneous population of early stage differentiating cells of different lineages (18) , most of which are epithelial-like cells; and 3) a group in which 1.5 ϫ 10 6 hESC-CMs (n ϭ 8) were transplanted. To prevent graft rejection, animals from all groups were treated with cyclosporine A (15 mg/kg/day) and methylprednisolone (2 mg/kg/day). Histological examination. The hearts were harvested at 36 h to 8 weeks after grafting, frozen in liquid nitrogen, and cryo-sectioned (8-m sections). Immunostaining was performed using monoclonal antibodies to human-mitochondria antigens, troponin I (TnI), Ryanodine, Cx43 (all from Chemicion, Temecula, California), humanKi-67, (DakoCytomation, Glostrup, Denmark), TRA1-60 and TRA1-81 (Hybridoma Bank, Iowa City, Iowa), Oct-4 (Santa Cruz, Santa Cruz, California), sarcomeric ␣-actinin (Sigma), and human-human leukocyte antigen (HLA)-A,B,C antigens (BD-Pharmingen, Franklin Lakes, New Jersey), or polyclonal antibodies to eGFP (MBL, Woods Hole, Massachusetts) and collagen types I and III (Southern Biotech, Birmingham, Alabama). Preparations were incubated with secondary antibodies at 1:100 dilutions and analyzed by confocal microscopy (Nikon and Bio-Rad scanning system, Hercules, California). Polymerase chain reaction (PCR) analysis. The presence of human cells within the rat hearts was evaluated using PCR-based deoxyribonucleic acid (DNA) amplification of the ␣-satellite region of the human chromosome 17. Hearts were frozen in liquid nitrogen and homogenized with Polytron (Kinematica, Newark, New Jersey). Genomic DNA was produced using Easy-DNA-Kit (Invitrogen). Polymerase chain reaction was carried out using Red-Load-Taq-Master-Mix (LAROVA, Teltow, Germany). The forward primer was GGGATAATTTCAGCTGACTAAACAG, and the reverse primer was GTGTTTCATAGCTGCTCTTTCCA. Caspi et al. November 6, 2007 November 6, :1884 Myocardial Regeneration With hESC
Laser microdissection and reverse transcription PCR analysis. Cryo-sectioned slices (20 m) containing the transplanted nLacZ-expressing cells were stained with 1% Cresylviolet, dehydrated, and frozen in Ϫ80°C. Slides were evaluated for beta-Galactosidase activity using LacZ reporter kit (Invitrogen). Laser capture microdissection (P.A.L.M. Microlaser Technologies, Bernreid, Germany) was performed to isolate the positively stained cells. Ribonucleic acid (RNA) was isolated from these cells using the RNA easy microkit (Qiagen, Hilden, Germany), and reverse transcription into complementary DNA was performed using Reverse-iT-1st-Strand-Synthesis Kit (ABgene, Epsom, United Kingdom). Polymerase chain reaction for myosin light chain-2a (MLC-2a) was executed using 1U Taq-DNA polymerase (PeqLab, Erlangen, Germany). The forward primer was AAGGTGAGTGTCCCA-GAGG, and the reverse primer was ACAGAGTTTATT-GAGGTGCCC. Echocardiography. Transthoracic echocardiography was performed 5 to 7 days after coronary ligation and 30 to 60 days after cell grafting, using the GE-Vivid3 system (10-MHz transducer, GE Healthcare, Haifa, Israel). The following parameters were measured: 1) maximal left ventricular end-diastolic (LVDd) and end-systolic dimensions; 2) wall motion score (1 ϭ normal, 2 ϭ hypokinesia, 3 ϭ akinesia, 4 ϭ dyskinesia, and 5 ϭ aneurismal dyskinesis); and 3) fractional shortening (FS) was calculated as: FS (%) ϭ [(LVDdϪ)/LVDd] ϫ 100. All measurements were averaged for 3 cardiac cycles and performed by an experienced operator blinded to the treatment group. Statistical analysis. Data are expressed as mean Ϯ standard error of the mean or median and interquartile range. The Kolmogorov-Smirnov procedure was applied to determine whether the data were normally distributed. A general linear model 2-way repeated-measures analysis of variance (ANOVA) was used to test the hypothesis that changes in measures of LV function over time varied among the 3 experimental groups. The model included the effects of treatment, time, and treatment-by-time interaction. The Bonferroni correction was used to assess significance of predefined comparisons at specific time points. Lung-tibia ratio data were not normally distributed. Therefore, groups were compared with the nonparametric 1-way ANOVA (Kruskal-Wallis test) followed by the Mann-Whitney test with Bonferroni correction.
Results
Cardiac environment does not enhance hESC cardiomyogenesis. One of the obstacles in using hESC for myocardial repair is the relatively low cardiomyocyte yield during spontaneous in vitro differentiation (19) . Therefore, we tested the hypothesis that the existing cardiac tissue environment may provide the necessary signals to augment cardiomyocyte differentiation. To test this assumption, 726 fluorescently labeled early stage differentiating EBs were cocultured with primary cultures of neonatal rat ventricular myocytes (n ϭ 5). Identical populations of early stage EBs were plated on gelatin-covered plates (spontaneous differentiation). In contrast to our initial assumption, the percentage of EBs containing contracting areas was found to be significantly lower (p Ͻ 0.01) in the coculturing group (0.7% of the 726 EBs studied) when compared with that in the control group (9.9% of 621 EBs). We next evaluated the possible effects of the in vivo cardiac environment on hESC differentiation. Undifferentiated hESCs were grafted into the LV myocardium of healthy and infarcted cyclosporine-immunosuppressed rats. Histological examination, 4 weeks later, demonstrated that not only that the in vivo cardiac environment did not enhance hESC cardiomyogenesis (as assessed by immunostainings for cardiac-specific markers), but also that it resulted in almost no differentiation into the cardiac lineage in all hearts studied. Rather, in 6 of 10 healthy and in 3 of 6 infarcted rats, injection of undifferentiated hESCs resulted in the formation of teratoma-like structures, characterized by the presence of advanced cell derivatives of all 3 germ layers (Fig. 1A) . In the rest of the hearts, either the transplanted cells could not be detected or they showed a more limited differentiation pattern, mostly to epitheliallike cell derivatives (data not shown). In vivo grafting of the hESC-CMs into the uninjured heart. Because grafting of undifferentiated hESCs resulted in the formation of teratoma-like structures, we pursued an alternative track of initial ex vivo differentiation of the hESC into the cardiac lineage followed by in vivo grafting of the hESC-CMs. Using our previously described EB differentiating system (8), we mechanically dissected the beating areas within the EBs (each containing approximately 6,000 cells), dispersed them into small clusters, and grafted them into the LV myocardium. To characterize the nature of the grafted cells before transplantation, we performed in vitro immunocytostaining studies of samples of these beating clusters (Figs. 1B and 1C) . Immunostaining for undifferentiated hESC markers (Tra-1-60, Tra-1-81, and Oct-4 [not shown]) failed to show any positively stained cells (Fig. 1B) . In contrast, 71 Ϯ 4% of the cells stained positively for TnI (Fig. 1C) .
Histological evaluation, conducted at 36 h and 4 weeks after hESC-CM transplantation revealed the presence of the grafted cells and lack of teratoma formation (Fig. 2) . To assure the accurate identification of the grafted cells throughout this study, we used a number of labeling, tracking, and staining techniques. These included immunostaining for human-specific markers (using antimitochondrial [ Fig. 2A (Figs. 2F and 3D ).
As shown in Figure 2 , the cell grafts consisted of confluent masses of human cells interspersed within host myocardium. Histological examination, at 36 h posttransplantation ( Figs. 2A to 2D) , demonstrated that the engrafted hESC-CMs were relatively small, had a high nuclear/cytoplasmatic ratio, displayed an early striated pattern, and were arranged isotropically within the host myocardium. In 10 Ϯ 2% of these human cardiomyocytes (251 of 2,404 cells examined in 4 hearts), we could find evidence for cell proliferation, as assessed by coimmunostaining for human Ki67 and TnI (Fig. 2D) .
Four weeks after cell transplantation, we could still identify the grafted hESC-CMs. Although the cells remained relatively immature, the cell grafts appeared to be more organized and have undergone some ultrastructural maturation. The hESC-CMs were larger, their nucleus/ cytoplasm ratio was lower, they demonstrated a more organized striated pattern (Fig. 2E) , and they were stained positively with anti-Ryandine antibodies (indicating the presence of sarcoplasmatic reticulum) (Fig. 2F) . This was coupled with a complete withdrawal from the cell cycle (negative Ki67 staining, data not shown). Similarly, Cx43 immunostaining demonstrated the development of gap junction by the engrafted cells (Fig. 2E) . In vivo engraftment in the infarcted rat heart. The ability of the hESC-CMs to engraft also in the infarcted myocardium (7 to 10 days after coronary ligation) was assessed next. Histological evaluation of the hearts injected with the hESC-CMs (at 30 or 60 days) (Fig. 3) demonstrated the presence of the grafted cells and lack of teratoma formation. The grafted hESC-CMs were identified as confluent clusters of human cells that could be located occasionally in the center of the scar (Fig. 3A) but more commonly in the border zone (Figs. 3B to 3D) . The cell grafts were demonstrated to align with host cells with no significant inflammatory encapsulation. Occasionally, gap junctions could be identified between host and grafted cells (Fig. 3D) .
We next quantified the histological information to determine the relative size of the hESC-CM cell grafts within the infarcted area. This analysis was performed in 8 hearts (in each heart between 3 to 5 sections were examined). Initially, the infarcted area was identified using anticollagen antibodies. The viable cardiomyocyte area within this region was then determined by immunostaining for TnI. Finally, the fraction of this cardiomyocyte cellular area that was of human origin was quantified in coimmunostaining studies using the aforementioned labeling and staining techniques, used to identify the transplanted human cells. Our results show that 25 Ϯ 6% of the infarct area was comprised of viable cardiac tissue of which 45 Ϯ 12% was stained positive for human markers.
To verify and provide additional information regarding the survival and maintenance of the cardiomyocyte phenotype of the grafted hESC-CMs, we developed 2 assays. To evaluate for the presence of the human cells within the rat myocardium, we established a PCR assay for detecting human-specific DNA. Our results demonstrate the presence of the human cells immediately after cell grafting (1 h), and their survival at 1 and 8 weeks after cell transplantation (Fig.   4A ). While these PCR studies do not provide quantitative information regarding the size of the graft, our preliminary calibration study demonstrated that a significant number of human cells (Ͼ100,000) are required for such a positive signal. In contrast, hearts injected with saline failed to show positive PCR signal (Fig. 4A) .
We next performed additional experiments, in which the hESC-derived cell grafts were transfected to express nLacZ. Immunostaining analysis of the grafted area confirmed the survival of the nLacZ-expressing cells and their human cardiac phenotype (Fig. 4B) . To establish the cardiomyocyte phenotype of the engrafted cells, beyond the histological examination, the nLacZ-expressing cells were carefully isolated for RNA analysis using laser microdissection (Fig. 4C) . Reverse transcription PCR studies using a human-specific primer sequence for the MLC-2a gene (shown to be robustly expressed by the hESC-CMs in 1888
vitro but not detected in the rat LV myocardium) confirmed the expression of this gene by the transplanted human cells (Fig. 4D) . Functional assessment of cell grafting. We next assessed the functional consequences of cell grafting. To this end, serial echocardiography measurements were performed in animals transplanted with hESC-CMs (n ϭ 8) and were compared with those in control groups of animals injected with nonmyocyte hESC derivatives (n ϭ 9) or saline (n ϭ 8) (Figs. 5 and 6 ). These studies revealed that the 3 experimental groups differed with respect to changes in measures of LV function and remodeling over time (Fig. 6 ). The treatment-by-time interaction effect was significant for all echocardiographic parameters including FS, LVDd, and wall motion score index (all p Ͻ 0.001).
The saline injection control group displayed a typical course of post-infarction LV remodeling (Figs. 5 and 6 ). The FS of healthy rats (before LAD ligation) was around 45% to 50%. A few days after coronary occlusion (postinjury baseline), we noted an initial decrease in FS to 20 Ϯ 2%. Fractional shortening continued to deteriorate to 13 Ϯ Caspi et al. November 6, 2007 November 6, :1884 Myocardial Regeneration With hESC 2% and 10 Ϯ 2% at 30 and 60 days, respectively (Figs. 6A and 6B). This deterioration in FS and wall motion score index (Fig. 6C ) was coupled with progressive LV diastolic dilatation (Fig. 6D) . Transplantation of noncardiomyocyte hESC derivatives did not change this remodeling process (Figs. 6A to 6D ). Figure 5 depicts examples of serial M-mode images obtained over time in the 3 groups. Note in the animals injected with saline and noncardiomyocytes (Figs. 5A and 5B) that the typical akinesis of the anterior wall persisted throughout the study, and this was coupled with significant LV dilation and functional deterioration. Consequentially, no significant changes were noted in the echocardiographic parameters in the nonmyocyte group when compared with saline-injected group (Figs. 6A to 6D) .
Grafting of hESC-CMs attenuated this remodeling course of scar expansion, LV dilation, and functional deterioration (Figs. 5 and 6) . Note in the M-mode examples in Figure 5 , the lack of LV dilation at 30 and 60 days in the hESC-CM transplanted animal. Consequentially, at 60 days, hESC-CM cell grafting was associated with a significant improvement in all measures of LV function including higher FS (Bonferroni-adjusted for 3 comparisons, p Ͻ 0.001), lower wall motion score index (Bonferroni-adjusted for 3 comparisons, p ϭ 0.008), and lower LVDd (Bonferroni-adjusted for 3 comparisons, p ϭ 0.03) when compared with animals injected with saline or noncardiomyocyte hESC derivatives (Figs. 6B to 6D) .
The positive effect of hESC-CMs on LV functional status was translated to a clinical benefit. This was manifested by a significant reduction (p Ͻ 0.05) in the lung/tibia weight ratio (0.39 Ϯ 0.03 g/cm) when compared with that in the salineinjected group (0.67 Ϯ 0.11 g/cm, Bonferroni-adjusted for 3 comparisons, p ϭ 0.04) (Fig. 6E) . The latter parameter represents a quantitative measure for the degree of pulmonary congestion. Assessment of blood pressure, heart rate, and body surface electrocardiogram did not reveal significant changes between the groups, and we did not note any sustained arrhythmias in the transplanted animals.
Discussion
In this study, we assessed the potential role of hESC for myocardial repair. The main findings of the study are: 1) the adult and neonatal cardiac tissue does not provide the necessary environment to guide the differentiation of 
